INTRODUCTION
Animals largely use pigment and structural colours for signalling, camoufl age or mimicry, and various colouration traits assist in the physical protection, temperature regulation and physiology of organisms (Cott, 1940) . Recently Pérez-Rodríguez et al. (2017) suggested that pigment colour patterns are indicators of individual quality, acting via at least four pathways: (a) as conventional signals of status; (b) as indices of developmental homeostasis; (c) as an amplifying cue of somatic integrity; (d) by amplifying individual investment in maintenance activities. Melanin pigments are responsible for the black and brown colours in the majority of arthropods (Fuzeau-Braesch, 1972) , with the exception of spiders (Oxford & Gillespie, 1998) . In insects, melanin-based ornaments can accurately reveal individual quality because of the immunomodulatory and anti-oxidative action of the pigments (McGraw, 2005) . However, this is species-specifi c (Stoehr, 2006) , as species vary in the degree of genotype-by-environment interactions in colour pattern origin, and genetically pre-lugubris (Zettersted, 1840), Formica polyctena (Forster, 1850) , Formica pratensis (Retzius, 1783) and Formica rufa (Yarrow, 1955) all of which are ecological dominants in terrestrial ecosystems (Punttila & Kilpeläinen, 2009) . Although closely related, they have different life history strategies and social organisations (Rosengren et al., 1993) . The Finnish red wood ant, F. rufa, is mainly monogynous and monodomous with the simplest type of social organisation (mainly one queen mating with one or several males). Therefore, this species is a good candidate for studying the importance of its colouration and how it might be used in biomonitoring. Workers are the most abundant caste in ants, performing various tasks for the family and spending much time inside and outside a nest, that is why they were the focus of this study. A total of 336 F. rufa individuals from 20 different colonies (Mean ± SD: 16.8 ± 4.2 individuals per nest) were sampled in May 2012. Ants were manually collected from the top of the nest mound and stored in 96% ethanol. The nests studied were at the edges of forests in the surroundings of Turku (60.42°, 22.27°) on the south-western coast of Finland. The size of each nest was measured in terms of the diameter at the base of the organic part of the nest mound. In the sample studied the diameter of F. rufa nests varied from 0.8 to 1.4 m. The most distant nests were 10.2 kilometres apart and the closest 0.2 km apart. The nests typically occurred in separate forest stands/patches; in two cases the nests were in the same forest stand, but were separate colonies (monodomy). The dominant trees in the forests were Pinus sylvestris (Linnaeus, 1753), Picea abies ((L.) H. Karst, 1881) and Quercus robur (Linnaeus, 1753).
Digital photography
Digital photography was the initial step in the analysis of the variation in colour. The heads and thoraxes were photographed separately on a millimeter paper background and each photograph was given an individual code for future processing. All the photographs were taken using a digital stereo microscope Olympus SZ40 and DeltaPix Invenio 3S 3 Mpixel CMOS camera set at a magnifi cation × 40 for the head and × 25 for the thorax, with a constant luminance of 2,800 lx. The photographs were further processed with Delta Pix Viewer LE, Adobe Photoshop CS5 and ImageJ software. For the analyses of the degree of melanization (MD) photographs were converted into greyscale.
Morphometrics
The maximum width of the head above the eyes (Sorvari & Hakkarainen, 2009 ) and thorax length were used for estimating an ant's individual body size. In addition, clypeus width was measured as the maximum distance between left and right margins, and used in the calculation of the index of clypeal pigmentation. Use of index parameters facilitates studies of complex colouration traits (Dlussky et al., 1998) . For the calculation of relative clypeus melanization we used an index of clypeus melanization (see colour pattern and melanization analyses). The measurements were done using ImageJ software, setting the scale to 1 mm.
Colour pattern and analysis of melanization
In order to describe the variation in colour of F. rufa workers, we fi rst made a qualitative analyses of the colour morphs, then conducted several quantitative measurements and fi nally analyzed the existing interrelations statistically. While conducting the visual categorization, we were guided by the population morphology approach, established for wood ants by Gilev (2002) ; however, a threshold approach (Roff, 1996) was used for precise categorization (Figs 2 and 3 ). In our study several aspects of the colour patterns were considered, as both the shapes of melaninbased colour morphs, the percentage of melanized area and the Frouz et al., 2016) , improve soil properties (Frouz & Jílková, 2008) and affect concentrations of macroelements in tree roots and thus regulate their growth (Ohashi et al., 2007) . These insects regulate structure and biodiversity of forest plants and animal communities, contributing to seed dispersal (Gorb et al., 2000) and provide suitable habitats for numerous other invertebrates (Härkönen & Sorvari, 2014; Parmentier et al., 2014; Elo et al., 2016) . Red wood ants, like other ants, provide various ecosystem services (Del Toro et al., 2012) . Consequently, they have been extensively studied during the last four decades throughout their area of distribution in Europe, but much less so in North America (see Jurgensen et al., 2005; Stockan et al., 2016; Trager, 2016) .
Due to rapid loss of suitable habitats, the European species of red wood ants, but not the North American species, appear to be among threatened species with a globally near threatened status according to the IUCN (IUCN, 2016). Thus, there are several studies on wood ant biomonitoring, conservation and management (Seppä, 2008; Dekoninck et al., 2010; Fedoseeva, 2011; Gilev, 2011; Sorvari, 2016) . Body size, weight and pilosity are the most frequent parameters used in biomonitoring surveys. As reported by Fedoseeva (2011) , asymmetry in the shape of the petiole can also provide information about long-term settlement degradation. Although colouration traits are effective and non-invasive indicators of environmental stress (Lifshitz & St Clair, 2016) , they are not widely used in studies on ants. To our knowledge, the only exception is the approach proposed by Gilev (2002 Gilev ( , 2003 and by Gilev et al. (2015) and used by Korochkina et al. (2014) . These authors use phenetics to describe the colouration of red wood ants in relation to population structure and possible historical reconstruction of the postglacial recolonization. In our previous study (Skaldina & Sorvari, 2017) it was found that the colour of the heads of gynes of Formica aquilonia (Yarrow, 1955) , in terms of the incidence of different colour morphs and increased degree of melanization, can indicate forest disturbance due to clearing. Therefore, red wood ant colouration could also be used for biomonitoring purposes. However, knowledge of natural variability in colouration of species from unmanaged habitats is needed in order to provide the necessary baseline for further research.
The role and signifi cance of colouration traits differ between species, even closely related species (Stoehr, 2006) . Therefore, in this study we focused on precise descriptions of the colouration of the workers of the red wood ant, Formica rufa (Linnaeus, 1761); in particular the morphs, shape and size of the dark melanized patterns and the degree of melanization of the head and thorax. Overall, the major goal of this study was to reveal the type and directions of the variability within-species colouration in the monogynous red wood ant F. rufa in unmanaged forests in southern Finland.
MATERIALS AND METHODS

Study sample and study area
In Finnish coniferous and mixed forests the F. rufa group comprises fi ve species: Formica aquilonia (Yarrow, 1955) , Formica mean darkness were taken into account. Thus, a colour morph was categorized as discrete, when it had a symmetrical (left/right) and well recognisable shape that could be assessed visually. In those cases in which the variability in colour was not symmetrical or varied only in the size of the pigmented area we categorized it as continuous. The categorization analyses of the head colour morphs included 332 photographs of which 301 were of pronotum colour morphs. Several photographs of the total sample were excluded due to insuffi cient quality, mainly caused by mechanical damage during the head-thorax separation process. In addition, continuous variability of the clypeus was measured using an index for clypeus melaniszation (MIc). For the MIc the width of the vertical dark stripe in the central part of the clypeus was measured and then divided by clypeus length. For the analysis of cuticular melanization we studied the following parameters, proportion of the area melanized (MA), which shows how big the dark pattern is and the degree of melanization (MD), as a measure of the intensity of colour. The area melanized was calculated as the percentage of surface melanized (mm 2 ) in relation to the entire area of the head (mm 2 ), excluding the compound eyes, clypeus and mandibles on the 2D greyscale photographs. The MA on the pronotum and mesonotum was assessed as the ratio of the dark pattern on the visible surface in the 2D photographs. MD was measured in terms of the mean greyscale darkness of the pixels, calibrated on a scale of which 0 -was completely white, and 255 -completely dark black in ImageJ (Sorvari et al., 2008; Fedorka et al., 2013) . MD of the following areas was measured: (1) the head (MDh); (2) pronotum (MDpn); (3) mesonotum (MDmn), and MD of MA (MAh) was also taken into account. In addition, we measured MD of a standardized area of the frons (MDf) to simplify the analyses and found it can be used instead of MDh (correlation between MDf and MDh: r = 0.89, P < 0.0001; Fig. 1 ). Therefore, we used MDf in subsequent analyses.
Statistics
We used SPSS 21 for the Pearson correlations and SAS 9.4 statistical software (SAS Institute Inc.) for linear mixed model analyses. Nest was used as a random factor in the linear mixed models and a Kenward-Roger calculation for determining the degrees of freedom. The Pearson correlations were used to assess the level of integration and modularity between the area of the pigmented colour pattern, index of clypeal pigmentation and degree of melanization. Linear mixed models were used in analyses Fig. 1 . Areas of the body of F. rufa used in the analyses of melanin-based colouration. MIc -clypeus melanization index; MDh -degree of melanization of the whole head; MDf -degree of melanization of the standardized rectangular area on the frons of the head; MAh -area of melanization on the head; MApn -area of melanization on the pronotum; MDpn -degree of melanization of the pronotum; MAmn -area of melanization on the mesonotum; MDmn -degree of melanization of the mesonotum. head width (HW), area of melanization (MAh), degree of melanization (MDh) (n = 332). Each threshold rank corresponds to the same-numbered morph. I -black melanin pattern present on the frons as four disparate elements. II -melanin patterns merged, forming a central stripe with a hole(s) in the upper part. III -melanin patterns merged, forming central frons cross-like stripe without a hole. IV -the line of the border between the black and red parts of the face is concave above the compound eyes. V -the line of the border between black and red parts of the face is straight and touches the lower part of the compound eyes. VI -the line of the border between black and red parts of the face is convex and touches the lower part of the eyes. VII -the line of the border between black and red parts of the face is convex and touches the lower part of the eyes and there are pigmented spots on the cheeks. VIII -convexities on the cheeks are big and extend to the middle of the cheeks. IX -the edge of the convexities of the dark pigment touches the basement of the antennae.
of body and nest size related patterns in melanization. The data were normally distributed.
RESULTS
The categorization analyses of the variation in colour on the heads and pronotums of the workers revealed nine and eight discrete colour morphs, respectively (Figs 2 and 3 ; Appendix 1). On the other body parts, melanin-based patterns were more continuous with no distinct morphs but variable areas of pigmentation. Analyses of the combination frequencies of head-pronotum colour morphs revealed that the most common phenotypes of F. rufa in the area studied were the combinations V head and IV (26.16%) and V pronotum (18.06%) colour morphs ( Table 1) . Each of these colour morphs could be described using quantitative parameters, such as area of melanization (MA) and degree of melanization (MD), however, the colour morphs could not be totally substituted by them. MA and MD can be measured on the body parts with continuous colour variability. The existence of well recognisable differences in the colour on the heads and pronotums indicates that the colouration of F. rufa can be described as polymorphic.
When the interconnection between the colour patterns on the different body parts was investigated, it was found that they were not always closely interrelated, as in many cases ants with dark coloured heads had lighter thoraxes and vice versa. Colour patterns on the head, such as the area of the dark pattern on the head (MAh) and clypeal pigmentation (MIc) were positively correlated with each other (r = 0.570, P < 0.0001). The relative size of the colour patterns on the thorax, MApn and MAmn, were also positively correlated (r = 0.571, P < 0.0001). Interestingly, there were notably weaker positive correlations between the melanized areas on the head and pronotum (r = 0.301, P < 0.0001) and head and mesonotum (r = 0.205, P < 0.0001). On the other hand, MIc was also positively correlated with MApn and MAmn (r = 0.446, P < 0.0001; r = 0.464, P < 0.0001; respectively). The degree of melanization of the frons (MDf) was not associated with MDpn (r = 0.071, P = 0.268) and MDmn (r = 0.099, P = 0.88), however MDpn and MDmn were highly correlated (r = 0.67, P < 0.0001). These results may indicate that the colour traits of some body parts of F. rufa are more closely associated than others, i.e., they show a detectable level of modularity (Fig. 4) . Parameters of the colour patterns such as the area and the degree of melanization can be different, as the relative sizes of the pigmented (MApn), degree of melanization (MDpn) (n = 301). Each threshold rank corresponds to the same-numbered morph. I -no dark pigmented patterns on the pronotum. II -single spot in the centre of pronotum. III -small elongated pattern on the pronotum. IV -big rounded pigmented pattern on the pronotum. V -rounded pigmented pattern, which touches the basal part of the pronotum. VI -rounded pigmented pattern, which touches the basal part of the pronotum and two lateral spots. VII -rounded pigmented pattern, touching the basal part of the pronotum and the lateral spots are merged with the central spot. VIII -big pigmented pattern, covering almost all of the pronotum. I  II  III  IV  V  VI  VII  VIII  I  1  II  2  1  III  3  1  IV  2  15  17  1  V  1  2  14  84  58  6  7  1  VI  2  28  21  3  10  2  VII  5  2  3  2  VIII  2  7  1  4  IX  8 pattern on the clypeus, frons, pronotum and mesonotum is more consistent than the degree of melanization. For this reason, when studying the interrelations between colouration and size in an organism the area of pigmentation is a more informative than the degree of melanization. Considering both polymorphism and modularity, it was found that the colour traits of F. rufa are size-dependent. With nest as a random factor, the linear mixed models revealed that an increase in head width is associated with a decrease in MAh (F 1, 327 = 63.02, P < 0.0001) (Fig. 5A) . Similarly, an increase the length of the thorax is associated with a decrease in both MApn (F 1, 244 = 60.35, P < 0.0001) and MAmn (F 1, 295 = 45.58, P < 0.0001) (Fig. 5B) .
None of the colour traits studied, except MDmn, were associated with nest size: MDf (F 1, 18.3 = 0.72, P = 0.41), MDpn (F 1, 18.7 = 1.83, P = 0.19), MDmn (F 1, 19.6 = 4.89, P = 0.04).
DISCUSSION
At the edges of Finnish forests, which had not recently been managed in any way, the patterns in the colour of F. rufa was both continuous and discrete, and defi ning the colour morphs using the threshold approach revealed two types of variation. The distribution of the frequencies of the different morphs revealed the presence of common and rare combinations, which may account for why some morphs were recorded only once or twice in the samples studied. The main processes driving the evolution of colour, are thought to be natural selection for signalling, camoufl age or thermoregulation (Stuart-Fox & Moussalli, 2009 ). Recently thermoregulation was proposed as one of the major driving factors of the evolution of dark colours in Polistes wasps (De Souza et al., 2017) , which may also be the case for the red wood ant. However, this needs further research. We did not fi nd any interrelationship between melanin colouration and nest size (except the degree of melanization of the mesonotum). In order to determine the ecological signifi cance of colour polymorphism in red wood ants further studies are needed in which the samples are larger and are collected from different locations with a wider range of environmental conditions. The value of this study is that it describes the variation in colour polymorphism, which will facilitate future research at the level of a "whole organism" rather than a "single trait", as proposed by Forsman (2015) and in so doing reveal the infl uence of various selective pressures on the dimensions of a phenotype.
Melanin-based colouration of F. rufa is modular in its organization, as colour traits on the head and thorax are not strongly corelated. The concept of integration and modularity as established by Klingenberg (2008) can be applied to colouration. According to this concept, integration is higher when all sets of variation are directed and there is a strong correlation between measurements, however, only a weak interaction exists between modules. Modularity is simply the difference in the degree of integration within and between sets of traits; and "a module is a unit that is tightly integrated internally but relatively independent from other such modules" (Klingenberg, 2008) . Subparts, forming one module, face the same selective pressure and may co-evolve semi-independently from subparts of other modules. Possessing these phenotypic building blocks, or modules, enables the development of phenotypes via developmental recombination (West-Eberhard, 2003; Londe et al., 2015) . Applying the modularity concept has resulted in the precise description of abnormalities such as gynandromorphs in Pheidole (Hymenoptera: Formicidae) ants (Yang & Abouheif, 2011) and might be useful for further revealing other signs of developmental instabilities. Modular colouration is described by Williams (2007) in bumblebees and by Perrard et al. (2014) in the yellow-legged hornet Vespa velutina (Lepeletier, 1836) . Modular organisms may exhibit differentiated or restricted phenotypic responses, as various modules may have different response thresholds to the same inducing factor (Forsman, 2015) . In terms of the colouration of the red wood ants this could mean that the head and thorax may exhibit different responses in terms of colour traits to the same environmental factor. However, this needs further study.
When studying colouration, it is always important to know whether it is sensitive to the other body parameters (Bezzerides et al., 2007) . Our results revealed, that such colour traits as the size of the pigmented area on the head, pronotum and mesonotum of F. rufa are associated with an individual's body size, as smaller individuals have larger melanized areas. Knowledge of the size-dependence of red wood ant melanin-based colouration is not new, as Dlussky (1967) and Gilev (2002 Gilev ( , 2003 report that small individuals are generally darker. The fi nding that small workers generally have larger areas of pigmentation on the head and pronotum may relate to other life-history traits of this species. Polymorphism in ant size is well known for many species (Stradling, 1978; Hölldobler & Wilson, 1990; Kamhi et al., 2016) . Generally, it is related to polyethism or division of labour, in which individuals of different sizes perform various tasks for the entire family. Red wood ants are moderately polymorphic, differ greatly in body size, but lack true subcastes. In this species, polyethism is age-related and in some cases is correlated with body size. Small and young workers are often brood nurses, the intermediate aged -perform various tasks inside the nest, and the oldest and biggest are foragers, food suppliers and nest defenders; however, they can rapidly switch between tasks when necessary (Domisch et al., 2016) . Interestingly, small intranidal nurse workers exhibit the strongest aggressive behaviour against arthropod parasites and are able to defend brood better than the big workers (Parmentier et al., 2015) . In this study we only sampled ants from the top of ant hills, so it is very likely the analyses did not include all the functional groups of workers. Therefore, future studies on the colour traits of red wood ants should aim to sample individuals belonging to all the functional groups or workers.
In insects, a black cuticle is associated with a strong immune response (Armitage & Siva-Jothy, 2005; Lee et al., 2008) and specifi c features of melanin-based colour patterns, like the degree of disruption or "brokenness" in the paper wasp, Polistes dominula (Christ, 1791), provide information about the agonistic abilities of the bearer (Tibbetts & Dale, 2004 ). An analysis of the relationships between a red wood ants' colouration, size, immunity and behavior would further our ecological understanding and possibly reveal the functional signifi cance of colouration in this group. It is possible, there is a trade-off in the investment of resources in an individual in size or melanization, because melanins are costly to produce and require proteins (Blois, 1978) . Recently, it was discovered that at the level of assemblages ants with dark cuticles are larger than those with pale cuticles (Bishop et al., 2016) . Finally, opposite trends in the colouration of communities and species and size may refl ect different selection pressures and functional differences in colouration in each particular case. For biomonitoring purposes, the fi nding of size-dependence of the colouration of the workers of F. rufa collected from relatively undisturbed populations is important, as anthropogenic disturbance is often thought to adversely affect body size in insects (Sorvari & Hakkarainen, 2009; Fedoseeva, 2011) .
Overall, our results indicate that red wood ants are not stochastically or uniformly black and red, but their colouration is polymorphic, modular and size-dependent. Being abundant, ecologically important, quickly responsive and easy to collect, ants are a valuable component of any monitoring programme (Underwood & Fisher, 2006) . Environmental stress can affect the life-history traits of invertebrates, such as fecundity and metamorphosis, which can provide an early warning of potentially irreversible changes. Therefore, we consider red wood ant colouration as a promising tool for biomonitoring purposes. First, because producing both symmetrical morphs and highly melanised patterns is costly, any changes in the degree and direction of melanization can refl ect physiological responses to environmental factors. Second, revealing changes or abnormalities in colour modules may indicate specifi c selection pressures. Furthermore, knowledge about the size-dependence of colour traits in red wood ants is useful for future ecological and systematic studies. However, there should be further studies on the relationship between melanin colouration and individual quality. Genetic and ecological studies on red wood ant colouration may reveal the cost of morph and melanin production in ants.
CONCLUSIONS
The colouration of red wood ants, F. rufa, collected from unmanaged habitats in Finland is polymorphic, modular and size-dependent. Both polymorphic ornamentation and melanin are costly to produce, thus colouration in red wood ants may signal an individual's quality. In future research on the ecology of the red wood ant it is worth considering the colouration of both the head and thorax, as colouration in this ant is modular in its organization. Melanin-based colouration in F. rufa is size-dependent, thus in red wood ants there might be a trade-off between investment in size and a heavily melanized cuticle. In future studies on colouration in ants it is always worth considering the speciesspecifi c manifestation of colour.
ACKNOWLEDGEMENTS.
We are grateful to two anonymous reviewers, T. Eeva, B. Markó and S. Sumner for their valuable comments, which signifi cantly improved the quality of this paper. We kindly thank N. Buzhenina for assistance with the artwork for the fi gures. We also thank D. Blande for his comments on the content and language of the manuscript. L. Piqué made blind assessment of head and pronotum colour morphs and provided comments on how to improve the methodology. This study was fi nancially sup-ported by grants from Centre for International Mobility CIMO, Kuopio Naturalists Society and the University of Eastern Finland to OS.
